This study was conducted to evaluate the effectiveness of adding silicate mineral in feed on tibia bone characteristics and tibia, meat, as well as on faecal ash content in broilers. Four hundred and forty eight one-day-old broiler chicks were reared using a completely randomized design with seven treatments (diets containing 0, 1.5, or 3% of kaolin, bentonite, or zeolite) having four replicates of 16 birds each for 42 days. Body weight gain was significantly (P<0.05) increased in treatments with 3% kaolin and two levels of zeolite (1.5 and 3%) compared with 1.5% bentonite and control. Feed intake was significantly (P<0.05) higher in the treatment containing 3% bentonite compared with the treatments with 1.5% bentonite, 3% kaolin, and control. The feed conversion ratio was significantly better (P<0.05) in the treatment with 3% kaolin compared with 3% bentonite and control. Thickness of the wall in all treatments, except treatments with 1.5% kaolin and bentonite increased significantly when compared with the control (P<0.05). Treatments containing 3% bentonite or zeolite significantly improved the tibiotarsal wt/length index, robusticity index, and tibiotarsal index (P<0.05) when compared with the control. Tibia and meat ash as well as tibia and blood calcium contents increased significantly in treatments with 3% zeolite compared with the control (P<0.05). Also, the faecal ash content in the treatment with 3% zeolite decreased significantly compared with the control (P<0.05). Faecal dry mater in treatments with 1.5% kaolin, 3% bentonite or zeolite was significantly (P<0.05) higher than in the control. There were no significant (P>0.05) differences in tibia length, diaphysis diameter, medullary canal diameter, relative bone weight, tibia and meat dry mater, blood phosphorus, and tibia phosphorus among dietary treatments and control. In conclusion it seems that inclusion of a higher level (3%) of silicate mineral in diets is more effective than the lower level (1.5%) in improving tibia bone characteristics and ash in broiler chickens.
INTRODUCTION
Kaolin or china clay is a mixture of different minerals. Its main component is kaolinite; but in addition, it contains quartz, mica, feldspar, illite, and montmorillonite. Kaolinite is made up of tiny sheets of triclinic crystals with pseudohexagonal morphology. It is formed by rock weathering and it has some cation exchange capacity (Adamis et al., 2005) . The structure of kaolinite is a tetrahedral silica sheet alternating with an octahedral alumina sheet. These sheets are arranged so that the tips of the silica tetrahedrons and the adjacent layers of the octahedral sheet form a common layer (Trckova et al., 2004; Adamis et al., 2005) . Bentonite is an expanding lattice clay of the montmorillonite group of minerals with high ion exchange capacity that binds a wide range of cations. Variations in interstitial water and exchangeable cations in the interlayer space affect the properties of bentonite and thus the commercial uses of the different types of bentonite (Adamis et al., 2005) . Zeolites are crystalline, hydrated aluminosilicates of alkali and alkaline earth cations that possess three-dimensional structures with interconnecting channels and large pores, capable of trapping molecules of proper dimensions (Mumpton, 1999) . The pore size in commercially available zeolite ranges from approximately 0.3-0.8 nm. Clinoptilolite is the most widely used natural zeolite in animal studies due to its structural stability under high temperatures and acidic conditions (Tiwari, 2007) .
Various researchers found that adding silicate mineral to broiler diets improved body weight gain and feed conversion ratio (Hesham et al., 2004; Prvulovic et al., 2008; Shi et al., 2009) . Eliot and Edwards (1991b) declared that the reason for increasing the weight gain of broilers fed with zeolite was due to pH changes in the gastrointestinal tract. They also reported that in the presence of zeolite and when the pH reaches 6 in the gut, absorption of some nutrients and cations increases and this may improve weight gain. Leach et al. (1990) reported that the use of zeolite in diets increases the consumption of calcium and, in turn, increases the growth rate. So adding zeolite to diets containing the required amount of calcium is useful. Some studies show that broiler diets supplemented with silicate minerals increased calcium absorption and medullary bone development, but decreased phosphorus utilization (Watkins and Southern, 1992; Yalcin et al., 1995) . Among many properties attributed to zeolites, two most characteristic ones that relate to their effectiveness in poultry nutrition are their ability to lose and gain water reversibly and to selectively exchange a variety of cations without major changes of structure.
The objectives of this study are to evaluate the effects of different levels of kaolin, bentonite, and zeolite on broiler performance, tibia, faecal and meat ash content, morphometric properties of the tibia, blood and tibia calcium and phosphorous.
MATERIAL AND METHODS

Experimental design and diets
Four hundred and forty eight one-day-old male Ross-308 type broiler chicks were obtained from a commercial hatchery. Individually weighed chicks (43 g average initial liveweight) were divided at random into seven groups; each group was further divided into four replicate subgroups with 16 chickens. The experiment was carried out in a completely randomized design. Room temperature was maintained at 32°C for the first week and then gradually reduced to 18°C at the rate of 3°C per week. Light was provided 24 h continuously with overhead incandescent lighting by 10 lux during the 6-wk period of the experiment. Mineral analysis was done by combination of determining the chemical composition using X-ray fluorescence spectrometry (XRF) and identifying or quantifying the oxide components using an X-ray diffraction (XRD) method. The chemical composition of kaolin, bentonite and zeolite is presented in Table 1 . The evaluated diets were: 1. control, 2. containing 1.5% kaolin, 3. 3% kaolin, 4. 1.5% bentonite, 5. 3% bentonite, 6. 1.5% zeolite, and 7. diet 3% zeolite. The experimental diets contained mostly maize and soyabean meal; during the starter period they included 20.85% crude protein (CP), 2900 kcal ME/kg, 0.91% calcium, and 0.41% available phosphorus and were fed to broilers up to 21 days. The grower diets included 18.75% CP, 3000 kcal ME/kg, 0.84% calcium, and 0.33% available phosphorus were fed to broilers up to 42 days ( Table 2 ). All of the diets during the starter and grower periods were isonitrogenic and isocaloric. The chickens were allowed access to the diets and water ad libitum. 9.8 9.9 9.9 9.9 9.9 9.9 9.9
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Collection and analysis of samples
At termination of the experiment, two birds from each pen were randomly selected, their body weights were determined, and slaughtered by cutting the carotid arteries and 2 ml of blood sample were collected and stored at -20°C until analysed. Also, the left tibias were removed from individual broilers and frozen. The tibias were later thawed and stripped of soft tissues. The tibiotarsal length was measured with a dial caliper and the bones were weighed on a precision balance. Following morphometric measurements and prior to breaking, each bone was marked at the midpoint and external diameters were measured. The thickness of the walls was measured as close as possible to the midpoint mark using a dial caliper. Medullary canal diameter was calculated by subtracting the thicknesses of the wall from the diameter of the diaphysis. The bone weight/bone length index was obtained by dividing the tibia weight by its length (Seedor et al., 1991) . The tibiotarsal index and the robusticity index were determined using the formulas:
Tibiotarsal index = diaphysis diameter − medullary canal diameter/diaphysis diameter × 100
Robusticity index = bone length/cube root of bone weight
Faecal samples were taken from the centre and mid-way between the centre and the four corners of each pen for dry matter and ash analysis on day 40 of the experiment. The percentages of tibia, faecal and meat dry mater, ash and tibia calcium and phosphorus were determined according to AOAC (2005) methods. Plasma was separated by centrifugation of blood for 20 min at 3000 rpm and saved for plasma calcium and phosphorus determinations. Plasma samples were processed by a Metrolab model 2300 plus autoanalyzer.
Statistical analysis
The data from all of the determinations were subjected to analysis of variance using the General Linear Models procedures of SAS (2003) . Treatment means were ranked by Duncan's multiple range test. Differences were considered to be significant at the 5% level of probability.
RESULTS
The effects of kaolin, bentonite, and zeolite on performance are shown in Table 3 . Body weight gain was significantly (P<0.05) increased in treatments with 3% kaolin and two levels of zeolite (1.5 and 3%) compared with 1.5% bentonite and the control. Feed intake was significantly (P<0.05) higher in chickens fed the diet containing 3% bentonite than in chickens fed diets with 1.5% bentonite, 3% kaolin, or control. The feed conversion ratio was significantly better (P<0.05) in chickens fed 3% kaolin when compared with those fed the control diet and that with 3% bentonite. Thickness of the wall in treatments with 3% kaolin and bentonite and treatments with two levels of zeolite (1.5 and 3%) increased significantly compared with the control (P<0.05). Treatments containing 3% bentonite and zeolite significantly improved the tibiotarsal wt/length, robusticity and tibiotarsal indices (P<0.05) when compared with the control. There were no significant (P>0.05) differences in tibia length, diaphysis diameter, medullary canal diameter, or relative bone weight among dietary treatments and control (Table 4) .
The effect of dietary treatments on tibia, meat and faecal dry mater, and ash are given in Table 5 . The tibia ash content increased significantly in the treatment with 3% zeolite compared with the control (P<0.05). Also, the meat ash content in the treatment with 3% zeolite increased significantly compared with the treatments with 1.5% bentonite and control. There were no significant differences in tibia and meat dry mater among dietary treatments. Faecal dry mater content in treatments with 1.5% kaolin and 3% zeolite and bentonite increased significantly when compared with the control (P<0.05). Also, there were significant differences among treatments containing 1.5% kaolin and 3% zeolite with the treatment containing 1.5% zeolite (P<0.05). Faecal ash content in the treatment with 3% zeolite decreased significantly compared with the control (P<0.05).
The blood calcium level increased significantly (P<0.05) in the treatment containing 3% zeolite when compared with the control. Also, the amount of tibia calcium in the 3% zeolite treatment increased when compared with treatments containing 1.5% bentonite and control (P<0.05). There were no significant (P>0.05) differences in blood and tibia phosphorus among experimental treatments (Table 6 ). 
DISCUSSION
The present study demonstrates that inclusion of silicate minerals in diets of broiler chickens improves weight gain and has no adverse effects on feed intake or feed conversion ratio ( Table 2 ). The reason for this improvement may be the action of silicate minerals enhancing the digestibility of certain nutrients. Through temporary binding with nutrients, silicate minerals reduce the gastrointestinal passage rate, thus lengthening the time nutrients undergo digestion. Some studies show that the use of silicate minerals in broiler chicken diets improves their performance (Hesham et al., 2004; Prvulovic et al., 2008; Shi et al., 2009) . Leach et al. (1990) reported that the use of zeolite in diets increases the consumption of calcium, which, in turn, increases the growth rate. Addition of zeolite to the diets containing enough calcium is beneficial. Eliot and Edwards (1991b) declared that the reason for the increase in the weight gain of broilers fed zeolite was the change in the pH of the gastrointestinal tract. They also reported that in the presence of zeolite when the gut pH reaches 6, absorption of some feed nutrients, including cations, increases and this improves weight gain. In contrast, Southern et al. (1994) and Cabuk et al. (2004) reported that the supplementation of silicate mineral to the diet had no effect on the feed conversion ratio. It is possible to relate the existing differences in different experimental results to the use of different types of silicate minerals in broiler diets, maybe due to the structure of the mineral and the metal oxide content. So good processing to reduce metal oxide content, as much as possible, will result in better effects.
In this experiment, addition of the higher (3%) level of silicate mineral in diets was more effective than the lower (1.5%) in improving tibia bone morphometric characteristics (Table 3 ). The bone weight/bone length index is a simple index of bone density and the higher the index, the denser the bone. In contrast, a low robusticity index indicates a strong bone structure. Also, a high value of the tibiotarsal index points to a high mineralization level of the bone. The tibiotarsal index in the treatments including silicate mineral was higher compared with the control treatment and the robusticity index in these treatments was lower when compared with the control. These results suggest that supplementing silicate mineral to diets increased the degree of mineralization and development of the bone. Kaolin, bentonite, and zeolite have not been reported to influence tibia morphometric parameters.
The results of tibia, meat, and faecal dry mater and ash characteristics show that tibia ash, meat ash, and faecal ash contents improved on the treatment with 3% zeolite compared with the control and that there were no significant differences in tibia and meat dry mater among dietary treatments. Faecal dry mater content in the treatment with 1.5% kaolin and 3% zeolite and 3% bentonite increased significantly (P<0.05) compared with the control (Table 4) . These results are supported by previous research done by Yalcin et al. (1995) . They reported that using sodium zeolite A in broiler diets, they could increase the tibia ash content, but this did not affect the incidence of tibial dyschondroplasia. Also, Eliot and Edwards (1991b) used synthetic zeolite in broiler diets and reported similar results. Tatar et al. (2008) reported that using zeolite in broiler diets resulted in a significant increase of tibia ash content compared with the control. Prvulovic et al. (2008) found that the significantly higher values for breast and drumstick meat ash content in broilers were due to supplemental hydrated aluminosilicate. Southern et al. (1994) reported that when diets deficient in macro-and microelements were used, the tibia ash content decreased. In contrast to our study, supplementation of diets with sodium bentonite and sodium aluminosilicate had no influence on this parameter. Moghadam et al. (2005) found that the use of zeolite in diets had no significant effects on tibia ash content and that with a decreasing calcium level in diets, it reduced the tibia ash content. The interaction between zeolite and calcium on tibia ash content was also significant.
Such findings would be expected in view of the important role of calcium and phosphorus in the formation of the skeletal system and body metabolism. Calcium affects bone structure, blood coagulation, adhesion of molecules, neural transmission, muscle contraction, cellular motility, differentiation and proliferation, hormonal secretion, and apoptosis. Phosphorus is a constituent of bone, nucleic acids, high-energy compounds, and phospholipids found in membranes. Deficiency of calcium or phosphorus will adversely affect these important processes that are all a part of growth (Onyango et al., 2003) . Herzig et al. (2008) indicated that increasing zeolite in broiler diets will increase blood and bone calcium, decreasing, however, the amount of phosphorus. Their results proved that the long-term application of zeolite had a positive effect on the lodgement of Ca, P, and Mg in the eggshell and in bones. Elliot and Edwards (1991a) believed the characteristics of the cation exchange capacity of zeolite will increase the amount of serum calcium. Keshavarz (1991) indicated that an increase in the amount of blood calcium was due to the prolonged passing of feed containing enough calcium and phosphorus. In another study, Leach et al. (1990) reported that zeolite increased calcium absorption but decreased that of phosphorus in the gut, concluding that this calcium-increasing effect of zeolite was due to the increased level of serum calcium of birds fed a diet containing zeolite. In contrast to the above finding, Cabuk et al. (2004) indicated that supplementing the diet with zeolite reduced faecal dry matter and crude ash. Eraslan et al. (2005) observed that the amount of blood calcium and phosphorus in diets containing bentonite decreased when compared with control.
